Metagenomic next-generation sequencing (NGS) was used to diagnose an unusual and fatal case of progressive encephalitis in an immunocompromised adult presenting at disease onset as bilateral hearing loss. The sequencing and confirmatory studies revealed neuroinvasive infection of the brain by an astrovirus belonging to a recently discovered VA/HMO clade.
the possibility for pathogen identification without a priori knowledge of the target [2] . We recently developed a rapid cloud-compatible bioinformatics pipeline (sequence-based ultra-rapid pathogen identification [SURPI] ) to detect any pathogen in the GenBank reference database [3] . NGS testing and SURPI analysis were previously used to diagnose neuroleptospirosis in a child with a fulminant encephalitis that had eluded all conventional testing, prompting evidence-based therapy and clinical recovery [2] . Here we used NGS to search for an infectious etiology in an unusual case of progressive encephalitis presenting as bilateral hearing loss.
CASE REPORT
A 42 year-old man with chronic lymphocytic leukemia underwent allogeneic bone marrow transplant in September 2013. The graft was mismatched at a single human leukocyte antigen allele (DQB1), and was T-cell depleted using in vivo alemtuzumab. He engrafted on day 12 after transplant. Aside from persistent lymphopenia and diarrhea from norovirus infection, his posttransplant course was unremarkable until mid-October when he developed tinnitus and rapidly progressive sensorineural deafness, resulting in subtotal hearing loss bilaterally (>95 dB) over 2-3 weeks. Brain magnetic resonance imaging (MRI) was unremarkable, as was cerebrospinal fluid (CSF) analysis (4 leukocytes/µL with 50% neutrophils and 50% lymphocytes, 6 red blood cells/µL, glucose 2.4 mmol/L [normal range, 2.2-4.7 mmol/L], protein 61 mg/dL [normal range, 15-45 mg/L], absence of oligoclonal bands). Viral polymerase chain reaction (PCR) testing of CSF was negative for enterovirus and herpesvirus infection. The patient was treated empirically with high-dose valacyclovir, broad-spectrum antibiotics, and 2 g/kg intravenous immunoglobulin (IVIG). Despite these interventions, he developed new symptoms of central dyspnea, postural hypotension, nausea, and gradually worsening balance. Repeat neurological assessment confirmed persistent vestibulocochlear dysfunction 6 weeks after symptom onset.
By mid-December, the patient had become increasingly withdrawn, irritable, and intermittently agitated. Table 1 ). Given the absence of a diagnosis and the patient's progressive neurological deterioration, CSF and brain biopsy tissue were analyzed in January 2014 by metagenomic next-generation sequencing (NGS) [2] . NGS analysis of the brain biopsy, genome assembly, and in situ hybridization revealed findings of neuroinvasive astrovirus (AstV) infection. Despite lack of approved therapies, the patient was treated with ribavirin and IVIG. However, he did not respond to these interventions, and remained in a minimally conscious state following withdrawal of sedation in March 2014. He eventually died at the end of May, 4 months after the NGS diagnosis and approximately 7.5 months after onset of symptoms.
METHODS
Written consent for clinical sample analysis was obtained on the patient's behalf from his spouse. This study was approved by the institutional review boards of the University of California, San Francisco and University College London. Methods for nucleic acid extraction, NGS sequencing, bioinformatics analysis, confirmatory PCR, and in situ hybridization are provided in the Supplementary Appendix.
RESULTS
In total, 381 014 716 and 6 658 656 reads were obtained using NGS from biopsy tissue and CSF, respectively, with sample-toanswer turnaround times of 96 and 48 hours, and corresponding SURPI analysis times of 5 hours and 2.5 hours ( Figure 1C ) [3] . From brain tissue RNA, 1612 of 134 068 968 reads (0.0012%) were identified as AstV, with no credible reads corresponding to other viral or nonviral pathogens. Mapping of all 1612 astrovirus reads to the genome of astrovirus VA1 (HAstV-VA1) or the nearly identical astrovirus HMO-C (HMOAst-C) [4] resulted in 94.9% coverage of the viral genome ( Figure 1D and Supplementary Figure 1 ). In the CSF sample, AstV reads were absent, with only detection of Anellovirus and phage sequences corresponding to nonpathogenic viral flora (Supplementary  Tables 3 and 4 ). The finding of AstV sequences in brain tissue was confirmed by reverse transcription (RT) PCR testing (Supplementary Figure 2A and B). A CSF sample collected intraoperatively at the time of brain biopsy was also weakly positive by RT-PCR (cycle threshold = 34) (Supplementary Figure 2) , but CSF samples taken 1 and 10 days prior to the procedure were negative (Supplementary Table 1 ). Follow-up RT-PCR and Sanger sequencing were also used to bridge gaps and recover the full genome of the virus, provisionally named "human astrovirus VA-1/HMO-C, strain UK1" (HAstV-VA1/ HMO-C-UK1).
HAstV-VA1/HMO-C-UK1 was found to share 96.5% nucleotide identity to HAstV-VA1/HMO-C, associated with acute diarrhea in children [4, 5] ; 95% identity to HAstV-SG, detected in brain tissue from a boy with X-linked agammaglobulinemia and fatal encephalitis [6] ; and 52%-54% identity to AstVs linked to neurological disease in minks ("shaking mink syndrome") [7] and cattle (bovine encephalitis) [8, 9] (Figure 1D ). The diagnosis of neuroinvasive AstV brain infection was confirmed by in situ hybridization of brain tissue using probes derived from the HAstV-VA1/HMO-C-UK1 capsid, demonstrating viral localization to neurons ( Figure 1E ). Phylogenetic analysis placed the AstV in a VA/HMO clade that includes the previously described VA-1 and Figure 1 . A, Magnetic resonance imaging of the brain. Coronal (left) and axial (right) views show T2-weighted abnormalities in the thalamus and midbrain (white arrows). B, Histological and immunohistochemical studies of brain biopsy tissue. A brain biopsy from the right frontal lobe showed diffuse striking reactive gliosis in the neuroparenchyma highlighted by immunostaining for glibal fibrillary acidic protein (1). Diffuse scattering of small numbers of reactive T lymphocytes immunopositive for CD3 (2, black arrows) is seen. Immunostaining for CD8, a microglial marker, revealed marked microglial activation within the cortex (3) and white matter (4). Microglial cell processes were often seen in close contact with neurons (5, black arrows). No viral inclusions were observed. C, A metagenomic next-generation sequencing assay for infectious disease diagnosis. Using the sequence-based ultra-rapid pathogen identification (SURPI) pipeline [3] , >381 million reads generated from the patient's brain biopsy sample were analyzed in approximately 5 hours for potential pathogens. D, Genome recovery and pairwise comparative analysis of human astrovirus (HAstV) VA1/HMO-C-UK1. Mapping of 1612 Astroviridae reads identified by SURPI resulted in recovery of >94.9% of the 6586 base pair (bp) genome (coverage plot; shown mapped to the genome of HAstV-VA1/ HMO-C-UK1), with sequence confirmation using polymerase chain reaction (PCR) (blue lines). Pairwise identity plots revealed high (>95%) nucleotide identity shared between the patient's astrovirus (AstV) strain (HAstV-VA1/HMO-C-UK1) and other VA-1/HMO-C viruses. E, In situ hybridization of brain tissue from the affected patient. Nucleic acid hybridization using probes to the AstV capsid gene (red) and the GADPH control (blue) reveals selective labeling of infected neurons (yellow, nuclei stained with DAPI). The estimated proportion of cells staining positive for AstV was approximately 0.6%. F, Phylogenetic tree of human and encephalitic mammalian AstVs. VA-1/HMO-C viruses in the VA/HMO clade associated with encephalitis in humans (HAstV-VA1/HMO-C-UK1 and HAstV-SG) are more closely related to encephalitic AstVs in other mammals (MAstV and BAstV) than to classic HAstVs 1-8 or AstVs in the MLB clade. Mammalian AstVs linked to encephalitis are highlighted in red text. Abbreviations: BAStV, bovine astrovirus; DAPI, 4′,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HMOAst-C, astrovirus HMO-C; MAstV, mink astrovirus; ORF, open reading frame; RdRp, RNAdependent RNA polymerase; SURPI, sequence-based ultra-rapid pathogen identification.
HMO-C AstVs [10] , and that segregates away from classical HAstVs 1-8 ( Figure 1F ).
DISCUSSION
AstVs are common causes of viral gastroenteritis in humans, but have recently been described as potential causative agents of encephalitis [6, 11] . In humans, 2 studies have previously detected AstV in brain tissue from children with fatal encephalitis. The first case was in a 15-year-old immunocompromised boy with X-linked agammaglobulinemia who was found to be infected by HAstV-SG, a member of the VA/HMO clade (Figure 1F ) [6] . Interestingly, the boy lived in close proximity to a mink farm, suggesting a potential zoonotic link between HAstV-SG infection and a related mink astrovirus. The second case was a 7-month-old infant with severe combined immunodeficiency who developed disseminated multiorgan disease from HAstV 4, with viral detection in brain tissue by RT-PCR [11] . Similar to the other 2 cases, our patient, the first documented case of astrovirus infection in an adult, was severely immunocompromised due to his bone marrow transplant and prior chemotherapy.
Serological studies of VA-1/HMO-C astrovirus infection reveal high prevalence rates in the human population, with seropositivity in 36% of children by age 10 and rising to 65% in adults [12] . It is thus striking that documented human cases of astrovirus encephalitis are hitherto rare [6, 11] . We postulate that astrovirus infection, akin to poliomyelitis, is asymptomatic or associated with self-resolving acute diarrhea in most individuals, with severe disease only rarely observed. Our patient's mildly abnormal histology, with minor inflammatory T-cell infiltrates in the microglia ( Figure 1A) , and lack of CSF oligoclonal bands suggest that he was unable to mount an effective inflammatory response against this virus. Thus his clinical course of a chronic, progressive encephalitis from astrovirus infection may be reflective of his highly immunocompromised state. Low astrovirus levels found in CSF likely indicate inefficient production of free virions, with the site of infection largely restricted to brain parenchyma.
We believe that our patient's astrovirus infection occurred via the fecal-oral route, which is typical for enteric viruses. However, although this mechanism of transmission is consistent with his norovirus-associated diarrhea beginning posttransplant, chronic shedding of HAstV-VA1/HMO-C-UK1 in stool was not observed (Supplementary Table 1 ). Unlike the previously reported case of VA-1/HMO-C astrovirus encephalitis in a child in close proximity to a mink farm [6] , our patient did not report any unusual exposures or travel history, raising concern that his infection may have been community acquired.
Treatment of patients with putative astrovirus encephalitis is challenging given the paucity of cases to date and lack of a known efficacious therapy. High-dose IVIG was previously shown to play a role in the treatment of severe astrovirus gastroenteritis [13] . Although empiric administration of high-dose IVIG and glucocorticoids may have temporarily stabilized our patient's condition, treatment did not halt progression of the infection. The utility of ribavirin for treatment of neuroinvasive astroviral infections is unknown, and no vaccine is available.
Astrovirus testing is not routine in cases of encephalitis, and conventional RT-PCR assays detect only classical astroviruses types 1-8 and do not target members of the VA/HMO clade. This study highlights the feasibility of deploying metagenomic NGS as a clinical diagnostic assay that targets all potential pathogens simultaneously. As NGS becomes an increasingly accessible technology, we envision its routine application for "pan-microbial" diagnosis of infectious diseases in the near future.
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